Intertidal foreshore sediments from a 110 km stretch of the Thames Estuary were analysed for glycerol dialkyl glycerol tetraethers (GDGTs) to track soil organic matter (OM) input and evaluate the impact of coastal urbanisation on their distribution. Concentration of branched (br)GDGTs ranged from < 1 to 15 lg/g organic carbon (OC) and crenarchaeol ranged from 0.6 to 19 lg/g OC. An overall decrease in brGDGTs was observed from the inner Thames (Brentford) to the outer Thames (Isle of Grain), suggesting a drop in soil OM input towards the sea. In contrast, crenarchaeol concentration was highest around east London rather than towards the open sea. Such elevated crenarchaeol concentration occurred in the section of the river most influenced by anthropogenic pollution, such as discharge points for London's major sewage treatment plants, docks and power plants. The non-systematic spatial distribution of crenarchaeol was also reflected in the branched isoprenoid tetraether (BIT) index. The highest BIT values occurred upstream and in close proximity to salt marshes (0.8-1), whereas the lowest values (0.3-0.5) were towards the sea. However, unusually low values (0.4) were observed in the river section that had high crenarchaeol concentration. In contrast, bulk d 13 C values were insensitive to London's anthropogenic influence. This suggests that the natural systematic decrease in BIT index in the estuary is overprinted by London's anthropogenic activity between Deptford Creek and Tilbury. We therefore advise caution when interpreting the BIT index for sediments in close proximity to megacities discharging industrial and municipal waste that can become incorporated into the near surface sedimentary record.
Introduction
Estimation of the world's river transport to the oceans is ca. 0.8 Gt C/yr (Sabine et al., 2004) , of which ca. 0.38 Gt is in the form of organic carbon (OC; Ludwig et al., 1996) . Estuaries modulate these carbon fluxes via physical, biological and geochemical processes. Therefore, understanding the movement of OC within estuaries remains an important component of the global carbon budget. Due to the fact that many of the world's megacities are located in close proximity to river estuaries (e.g. Paris, New York, Shanghai, Mumbai), it is essential to evaluate this recent influence on coastal OC (Vane et al., 2011) .
Most studies that track the origin and fate of OC in estuaries have been based predominantly on bulk organic parameters such as C/N and the stable isotopic composition (d 13 C) of OC. However, interpretation of such data can be compromised by the wide range of values imparted by different terrigenous sources of organic matter (OM) and preferential remineralisation of N relative to C (Kemp et al., 2010; Khan et al., 2013) . Recent studies have suggested that some of the limitations of the bulk geochemical approach can be overcome using biomarkers specific to organisms (e.g. Kim et al., 2012; Zhu et al., 2013) . One class of lipid biomarker commonly used is high molecular weight (MW) n-alkanes. They are major components of epicuticular wax from vascular plant leaves (Eglinton and Hamilton, 1963) and have a strong odd/even carbon number predominance. The major n-alkanes in higher plants are normally C 27-33 and, due to their relatively high MW, are more stable than shorter chain homologues and other n-alkyl components. However, in urbanised estuaries the concentrations and distributions of n-alkanes from natural OM are prone to overprinting from n-alkanes from crude oil and/or refined fuel spills, as well as urban run-off (Stout and Wang, 2007) . A more recent biomarker class used to trace the terrigenous input to aquatic sediments is the branched glycerol dialkyl glycerol tetraethers (brGDGTs; Figs. 1 and 1S). They are found mainly in soil and peat, although some studies have demonstrated possible production in marine, lacustrine and riverine environments (Peterse et al., 2009; Tierney and Russell, 2009; Liu et al., 2014; Zell et al., 2014a) . They are thought to be produced by heterotrophic bacteria dwelling in anaerobic soil environments, with the Acidobacteria phylum as the only known producer (Sinninghe Damsté et al., 2011) . The relative concentrations of brGDGTs have been used to trace soil OM input to the marine environment via the branched and isoprenoid tetraether (BIT) index (Hopmans et al., 2004) , with the presumption that marine Thaumarchaeota are the primary source of crenarchaeol (Cren.), an isoprenoid tetraether biomarker (Fig. 1 ). More recently, the index has been applied to a variety of non-marine aquatic ecosystems, including lakes and rivers (Schouten et al., 2013 and references therein) . The primary advantage of the index in comparison with the n-alkanes lies in the fact that it provides a general signal of soil OM and not for specific vegetation.
The index has been applied to several rivers around Europe, Asia and America (Kim et al., 2006 (Kim et al., , 2012 Sun et al., 2011; Zhu et al., 2011 Zhu et al., , 2013 Strong et al., 2012; Zell et al., 2013a Zell et al., ,b, 2014a . Most of these studies focussed on large scale rivers, e.g. the Amazon and Yellow rivers (Kim et al., 2012; Zhu et al., 2011) with only a few focussing on smaller rivers with annual discharge 62000 m 3 /s (e.g. Kim et al., 2007; Zell et al., 2014a) . Results from rivers from the Gulf of Lions, France showed that the BIT index is a suitable tracer for soil OM and reported historical palaeoflood events at periods when continental material was delivered more directly to the study site (Kim et al., 2006 . However, some studies have reported a mixed source of production between soil and river for brGDGTs and crenarchaeol Zell et al., 2013a Zell et al., ,b, 2014a , which can complicate interpretation of the proxy when applied in rivers.
This study aimed to improve understanding of the behaviour of OC in the tidal River Thames by measuring the spatial distribution of sedimentary brGDGTs, crenarchaeol and the BIT index. The principal hypothesis for testing was whether or not the index can faithfully record soil carbon input in an urbanised river estuary. Secondary aims were to establish the extent to which anthropogenic disturbance masks the natural distribution and compare the utility of the BIT index with bulk geochemical proxies.
Study area
The River Thames is the largest river that is entirely in England, with a total length of 354 km, a catchment area of 12,935 km 2 and an average discharge of 65.8 m 3 /s (Marsh and Hannaford, 2008) . It has a spring tidal range of between 5.2-6.6 m and extends 110 km from Teddington Lock through London and out to the southern North Sea. The Thames basin contains many major urban centres accommodating around a fifth of the UK population (ca. 12 million) of which > 10 million live in Metropolitan London (Merrett, 2007) . London is intersected by 33 tributaries and about 60 municipal and commercial discharge points. Numerous industries, ports, sewage treatment plants and power stations discharge into the tidal Thames in order to maintain sanitation, prevent flooding and facilitate other activities such as power generation. Consequently, the estuary has recently undergone extensive river management to minimise coastal flooding caused by surge tides and avoid the flooding of London upstream of the Thames Barrier at Woolwich Reach. Nevertheless, the estuary receives significant amounts of particulate OM from multiple sources i.e. allochthonous input containing natural and anthropogenic particulates, autochthonous riverine input and marine input from the southern North Sea (Abril et al., 2002; Bristow et al., 2013) .
Material and methods

Sample collection
Sampling of Thames sediments was carried out in November 2010 and October 2011 (Tables 1, 1S and Fig. 2 ). Sites were accessed via a jet boat attached to the Port of London Authority Vessel (PLA) Driftwood II, using predetermined GPS co-ordinates to accurately locate each position to ±3 m. At each location, surface sediments (0-5 cm) were collected from four corners of a square of ca. 2 m 2 , using a stainless steel trowel. The four corner samples and one central sample were combined and transported to shore in a polyethylene zip lock bag. The sediments were stored in a cool box at 4°C, transported to the laboratory and immediately frozen at ca. À20°C. In addition, three cores were collected using polycarbonate tubes fitted with a stainless steel core catcher and stored and transported under the same conditions as surface samples (Vane et al., 2007) . Upon return to the laboratory the core sleeve was cut longitudinally and the sediment sub-sampled at 10 cm intervals. All samples were freeze-dried, sieved through a 2 mm mesh and the < 2 mm fractions ground to a fine powder 
n-Alkane and GDGT analysis
Freeze-dried sediment was extracted using an automated solvent extractor (Dionex 200) operated at 100°C and 7.6 Â 10 6 Pa with dichloromethane (DCM):MeOH (9:1, v:v) to provide a total lipid extract (TLE). Internal standards (tetracosane-D50, squalane, hexatriacontane-D74) were added before extraction, while another (C 46 GDGT) was added to the TLE, which was separated into an apolar and a polar fraction in a glass pipette packed with Al 2 O 3 (5 Â 0.5 cm), using 4 ml n-hexane/DCM (9:1, v:v) and MeOH/ DCM (1:1, v:v). Recovery of the internal standards was > 85%. The n-alkanes were analysed using gas chromatography (GC) with a Hewlett Packard 6890 equipped with flame ionization detection (FID) and an Agilent DB-1 ms UI column (60 m Â 0.25 mm id., 0.1 lm film thickness). Oven temperature programme was: 60°C (1 min) to 320°C (held 15 min) at 10°C/min: 1 ll was injected at 280°C in splitless mode for 0.7 min, split 1:30 thereafter. He carrier gas was at 1 ml/min. The polar fraction was filtered through a polytetrafluoroethylene filter (PTFE, 0.45 lm) and analysed using a high performance liquid chromatography-mass spectrometry (LC-MS) with a Thermo TSQ Quantiva MS instrument coupled to an Ultimate 3000 series HPLC instrument following a slightly modified method from Schouten et al. (2007) . A Prevail Cyano column (2.1 Â 150 mm, 3 lm; Alltech, Deerfield, IL, USA), maintained at 30°C, was used.
Tetraethers were eluted isocratically with 99% hexane and 1% isopropanol (IPA) for 5 min, followed by a linear gradient to 1.8% IPA in 45 min. Flow rate was 0.2 ml/min. Detection was achieved using atmospheric pressure positive ion chemical ionization MS (APCI-MS) in single ion monitoring (SIM) mode. Conditions for APCI-MS were: sheath gas 20, auxiliary gas 2, ion transfer tube 325°C, vaporizer 400°C, positive ion discharge 2. GDGT distributions were determined by integrating the summed peak areas in the respective [M+H] + chromatograms and converted to concentration by comparison to the internal standard peak. The BIT index was calculated according to Hopmans et al. (2004) : Instrumental reproducibility for the BIT index was determined from triplicate measurements of all samples, with an average standard deviation of ± 0.02. The average standard deviation for each compound was < 0.04.
Results and discussion
4.1. Bulk geochemistry 4.1.1. TOC
The TOC content of the surface sediments varied from < 1% to 6% and decreased towards the sea (Fig. 3) . This is explained by dilution of organic rich river sediment with organic poor marine sand from the southern North Sea (Bristow et al., 2013) . The systematic decrease from land to sea was disrupted by lower TOC values (< 2%) at sites in central London and higher values at a few sites located towards the sea. The low values at sites 3, 8 and 10 (Figs. 2 and 3) may be explained by dilution of man-made sediment. Sites 3 and 8 are at Hammersmith and Waterloo bridges and were composed of a sand of uniform particle size, suggesting the processed sand had been deposited in the river during maintenance work at the bridges (Table 1S) . Similarly, the anomalously low TOC content at site 10 was explained by the deposition of man-made material attributable in part to its location at the outflow of the Millwall docks (Table 1S ). On the other hand, the increased values at sites 20, 24, 26 (Figs. 2 and 3) were explained by the close proximity of these sites to salt marshes, which export high amounts of OC (sites Swanscombe, 20, Cliffe, 24 and Halstow, 26; Khan et al., 2015) , whereas those at sites 30 and 33 are most likely to have high OC values due to their location within a small tributary (Yantlet Creek, Table 1S ).
d
C values
Sedimentary stable carbon isotope composition (d 13 C) has been widely used to determine the provenance of OM in rivers Khan et al., 2013) . The primary rationale is that OC from C 3 terrigenous plants has d 13 C values of À28‰ to À25‰, distinct from marine algae which yield values of À22‰ to À19‰. Soil OC values are normally comparable with those of the source plant material but also depend on the extent of microbial respiration and decomposition. The values are stored in river sediments and salt marshes and can facilitate estimation of the source of OM (Kemp et al., 2010 (Figs. 2 and 3) . However, other influences on the d 13 C signature must be considered. Indeed, it has been suggested that the isotopic composition of surface sediments in rivers can be influenced by agricultural products, human sewage and industrial input (Yu et al., 2010 Fig. 3 .
Organic proxies 4.2.1. n-Alkanes
The apolar fraction was dominated by an unresolved complex mixture (UCM). The high MW n-alkane peaks above the UCM did not always show an odd predominance, with the carbon preference index (CPI 27-31 ) ranging from 0.6 to 10. The non-systematic variation in CPI 27-31 values and high UCM, probably indicated multiple n-alkane sources so we did not assess the n-alkanes further (Stout and Wang, 2007) .
GDGT concentration
BrGDGTs and isoprenoid GDGTs were present at all 36 sites.
BrGDGT concentration ranged from 15 lg/g OC at Swanscombe (20) to < 1 lg/g OC towards the estuary mouth (Fig. 3) . In general, concentration was variable, with high values maintained until Tilbury (21), whereupon it decreased. This spatial distribution may be explained by a decrease in input of soil OM relative to marine influence going downstream. Crenarchaeol concentration varied from a maximum of 19 lg/g OC at Bow Creek (River Lea) and Silvertown (sites 12 and 13) and minimum values of 0.6 lg/g OC towards
Teddington and towards the outer estuary (Fig. 3) . Interestingly, the highest crenarchaeol concentration was in the middle of the estuary and not towards the North Sea, where we would expect a higher concentration of marine Thaumarchaeota, the source organism of this GDGT. The highest concentration of crenarchaeol was at Albert Bridge (6) in central London, Silvertown (13) and Erith (17) and at sites close to urban tributaries at Butlers Wharf and Bow Creek (9 and 12), as well as major STPs (19 and 21). Site 12 (Bow Creek) is also expected to be influenced by the outflow from the large Abbey Mills CSO in the course of the River Lea (Figs. 2 and 1S ). The GDGT concentration values are comparable with those in sediments and suspended particulate matter from other rivers in Europe (Kim et al., 2006 Zell et al., 2014a) . For example, the sediments here had crenarchaeol and brGDGT values in the same range as the ones from the Tagus River (Zell et al., 2014a) . However, results from the Tagus River bank sediments and catchment soils suggested in situ production of brGDGTs based on differences between their brGDGT concentration and distribution (Zell et al., 2014a) . For the Thames, in situ production cannot be totally discarded but the decreasing trend in brGDGT concentration along the estuary and the high concentration in samples near marshes suggest that the majority of brGDGTs are contributed from soil around the catchment. Also, no major changes in the distribution of the brGDGTs were recorded, suggesting that they may always come from soil entering the river. Nevertheless, as in situ production of brGDGTs in river sediments has been reported (Zell et al., 2013b (Zell et al., , 2014a , future studies of catchment soils are needed for a better understanding of the sources of the brGDGTs in the River Thames. In situ production in the Yenisei River was also identified via the application of an improved method that enables separation of the 5-methyl and 6-methyl brGDGT isomers (De Jonge et al., 2015) . It will be therefore useful to test this new method in future analyses of sediments from the Thames.
Anthropogenic influence on the tetraether lipid signature of Thames sediments
The spatial distribution of the BIT index values along the tidal Thames is summarised in Fig. 3 . The maximal BIT value of ca. 1 at Swanscombe probably reflects the high concentration of brGDGTs produced in salt marsh sediments (Wang et al., 2013) . In contrast, the lowest value of 0.3 was at sites in the mouth of the estuary and outflows of large tributaries (sites 23 and 25; Fig. 2 and Table 1S ). Here, the BIT index is defined by an increase in crenarchaeol concentration. Although the BIT index exhibits the expected trend, with higher values upstream and lower values towards the mouth of the estuary, the low values found in the midestuary in the area between Deptford Creek and Tilbury (sites 11-20) are marked by relatively high brGDGT concentration but a relatively larger increase in crenarchaeol concentration. One possible explanation for the increase in crenarchaeol is the high nutrient input (including N) associated with industrial discharge and/or sewage effluent expected in this area . It has been suggested that crenarchaeol is a biomarker for ammonia-oxidising Thaumarchaeota (Schouten et al., 2013 and references therein), which would explain the increase in crenarchaeol at sites with high N content. The N data (Fig. 3) do not suggest an increase in nutrient concentration around East London. However, it has been reported that, in the Thames, N concentration is not a good indicator of sewage input and that the majority of N input is from diffuse sources, e.g. groundwater and agricultural (Bristow et al., 2013; Bowes et al., 2014) . Although N does not seem to stimulate the production of crenarchaeol in the river around East London, this does not exclude the possibility of crenarchaeol coming directly from STP effluent, as reported from the Perpignan STP effluent in France . In addition, studies have reported the presence of ammonia-oxidising Archaea in waste water treatment plants (e.g. Park et al., 2006; Zhang et al., 2009 ). This notion of anthropogenic disturbance is supported by the location of two of London's major STPs (Beckton and Crossness; Fig. 2 ) that treat wastewater from a population of ca. 5.5 million (Defra, 2007) in the East London Area. London's sewage system is currently based upon three main STPs (Mogden, Beckton and Crossness) as well as pumped discharge points and 57 CSOs. The latter are situated throughout the central London reaches and at times of heavy rainfall combine and discharge surface run-off and sewage into the Thames. However, although many of the CSO outflows are located in the section preceding the STPs, the CSO outflow does not seem to have an impact on the crenarchaeol concentration (with the exception of sites 12 and 13 that may be affected by the large Abbey Mills CSO), possibly because the volume of effluent is lower than the main STP, infrequent and/or diluted. We recognise that the presence of numerous industries, ports and jetties in the East London area, as well as major STPs , makes it difficult to assign a definitive source of introduced GDGTs. Indeed, the Hg spatial distribution in the Thames surface sediments , used as indicative of an anthropogenic signature from industries like e.g. power production, metal processing and landfill waste (including waste incineration and sewage treatment), showed maximum values in the same area of East London compared with the highest crenarchaeol concentration (sites 12 and 13, Figs. 2 and 3 ). This suggests that the crenarchaeol distribution is also, but not only, influenced by similar industries that are the main source of Hg pollution in the Thames. However, at this point, based on the ecology of the source organism of crenarchaeol and the physical location of the main points of sewage discharge in the Thames, it is reasonable to speculate that the changes in BIT index and GDGT spatial distribution here are possibly recording the effect of STPs in the River Thames, although it is still not possible to identify if it is by stimulating their production in the river or by additional input.
A higher correlation between BIT index and crenarchaeol (R Fig. 4D ), despite the fact that the latter seems to be rather invariant with respect to the middle-estuary anthropogenic disturbance. This is in agreement with studies which found that the BIT index can be dominated by crenarchaeol and that the use of brGDGT concentration may instead be a better indicator of soil input to marine and lacustrine settings (Fietz et al., 2011; Smith et al., 2012) .
Downcore analysis
Three short sediment cores (ca. 50 cm) from the inner Thames at Chelsea (5), inner-mid Thames at Gallions Reach (14) and outer Thames at Grain Spit (31) were analysed to evaluate how consistent GDGT concentration and the terrigenous proxies (BIT index and d 13 C) were with depth. The d 13 C values clearly traced the terrigenous input variation in surface sediments along the tidal Thames but did not record a strong variation down-profile. The core at Chelsea (5) showed values ranging from À27.2‰ to À28.4‰, suggesting a stronger input of terrigenous OM, the middle core had slightly more enriched values ranging from À25.5‰ to À26‰ and the downstream site values ranged from À24‰ to À24.5‰, confirming lower input from terrigenous OM relative to marine sources. This range of values is consistent with those reported for suspended particulate matter in the Thames d 13 C (À30‰ to À21.5‰) and supports the established view that the Thames OC isotopic signature remains terrigenous-riverine dominated well into the outer estuary due in part to the export of salt marsh vegetation (Bristow et al., 2013; Khan et al., 2015) . The down core BIT values at the three sites showed some minor variation. The inner Thames core at Chelsea (5) had the highest values, ranging between 0.8 in the surface and > 0.95 deeper in the core. The inner-mid Thames at Gallions Reach (14) showed values ranging from 0.4 in the shallowest depths (0-25 cm) to 0.5 in the deeper parts (25-45 cm), and the values in the outer Thames at Grain Spit (31) were similar to the Gallions Reach core (14), ranging from 0.4 in the shallowest depths (0-25 cm) to 0.6 in the deeper part of the core (25-35 cm) (Fig. 5) . This similarity between the inner-mid core (14) and the outer core (31) supports the result from the surface sediments, suggesting that the core from Gallions Reach (14) in east London had unusually low BIT values throughout the profile. Considering the GDGT concentration profiles, the core at Chelsea (5) showed the highest concentration of brGDGTs, decreasing from 9 to 3.5 lg/g OC down profile. The crenarchaeol concentration was the lowest of the three cores, decreasing down profile from 2 to < 0.2 lg/g OC. The inner-mid core at Gallions Reach (14) had a brGDGT concentration increasing from 3.7 in the surface to 6.2 lg/g OC at 16.5 cm. A decrease in brGDGT concentration to 4.4 lg/g OC was observed at 26.5 cm, followed by an increase to 7.4 lg/g OC at the bottom of the core. Similar profile variations were observed for crenarchaeol concentration, with values between 5.8 and 9.6 lg/g OC. It is notable that this core showed the highest crenarchaeol concentration compared with the inner and the outer core. The outer Thames core (31) showed the lowest concentration of brGDGTs, decreasing from 2.7 lg/g OC in the surface to 1.5 lg/g OC downcore. Crenarchaeol showed a similar profile, decreasing from 4.5 to 1.1 lg/g OC downcore.
The above evaluation of GDGT concentration suggests that the BIT profiles reflect the highest input of soil OM in the inner Thames core at Chelsea (5) and the lowest input of soil OM in the outer Thames core at Grain Spit (31). However, in the inner-mid Thames core from Gallions Reach (14), the low BIT values are due to high crenarchaeol concentration. This suggests that, as for the surface sediments, the BIT index is defined by the elevated crenarchaeol concentration due to anthropogenic influence rather than by a change in soil OM input. Another difference is the general downcore increase in GDGT concentration at Gallions Reach (14) vs. the decreasing trend in the other cores (Fig. 5) . This could reflect a higher historical anthropogenic influence at this site, where the lower near surface values may reflect improved river management practices and/or diminished industrial activity in east London. Indeed, a minor decrease in the Hg profile at the top of this core (Fig. 5) was also recorded, suggesting a possible decrease in, or better environmental management of, industrial/ municipal waste at this site. However, as in the surface sediments, the N profile (Fig. 5) did not match changes in GDGT concentration, suggesting that N is not the main driver of these changes. More research is needed to understand the exact reason why crenarchaeol increases in highly urbanised areas. Nevertheless, the results from the Thames Estuary suggest that comparison of crenarchaeol concentration with brGDGT concentration and the BIT index allow recognition of anthropogenic influence in downcore studies of highly urbanised areas.
Conclusions
This study reports the distribution of brGDGTs and crenarchaeol in sediments in an urban estuary, the tidal River Thames. Our results suggest that increased crenarchaeol concentration in urban estuaries reflects anthropogenic perturbation. Conversely, bulk stable carbon isotopes are insensitive to the elevated anthropogenic activity in and around London and suggest a predominance of terrigenous OM. Taken together, the results suggest that domestic and industrial urban discharge may have a major impact on archaeal lipids in estuarine sediments, which curtail application of the BIT index but could be potentially used for investigating historical changes in urbanisation. Future work should focus on the identification of the exact source of brGDGTs and crenarchaeol to better understand the link with increased crenarchaeol concentration in highly urbanised regions. Driftwood III. The study also benefitted from advice provided by PLA staff, including J. Pinder, A. Mortley and J. Buckby. The authors also thank L. Åkesson and all staff at the Environment Agency (Abbey Wood Office) for providing logistical support. The research was funded by the Climate and Landscape Change Directorate, British Geological Survey (BGS), United Kingdom. This paper is published with the permission of the Executive Director, BGS. Finally, we would like to thanks T. Meador and an anonymous reviewer for providing comments and suggestions.
